ABSTRACT A planar double-layer hybrid decoupling structure with the polarization-insensitive characteristics is proposed as an effective isolator for wideband, circularly/dual-polarized, high-density patch arrays. The hybrid decoupling structure is composed of two types of resonators, i.e., an H-shaped structure on the lower layer and a couple of meander lines on the upper layer. By integrating the decoupling structure into the dual-polarized array and circularly polarized array, respectively, the mutual coupling between the antenna elements is significantly reduced. In detail, the isolation levels between the co-polarization (co-pol) ports in dual-polarized array are improved by ∼ 9.40 dB and the port isolation level in circularly polarized (CP) array is improved by ∼ 12.7 dB, while the inter-element center-to-center distances are as low as 0.5 λ 0 . Good agreement between the simulated results and the measured results is obtained.
I. INTRODUCTION
With the advancements in communication technology, the demand for high data rate and large-channel capacity has increased significantly for the applications of various mobile wireless communication devices. It requires allocating as many radiators as possible to meet the communication demands in a quite limited space. As an effective solution, dual-polarized antennas contain two ports which demonstrate the polarizations orthogonal to each other, thus making them operate independently without affecting each other's performance. This dual-polarization operation mechanism empowers one radiator to hold two radiators' functions,
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thus to save much space [1] , [2] . Furtherly, in order to save more space, one can place the dual-polarized antennas very close to construct the high-density array. However, the small spacing between adjacent elements would inevitably result in very strong inter-element mutual coupling, which would seriously deteriorate the radiation pattern, radiation efficiency, impedance matching, etc [3] . Therefore, it is important to reduce the mutual coupling in high-density dual-polarized arrays.
Compared with the single-polarized antenna arrays, the coupling mechanism of the dual-polarized arrays is much more complicated, because there exists both the electrical coupling and magnetic coupling between elements. Recently, few works about reducing the mutual coupling between dual-polarized array elements were reported. For example, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ a dual-polarized magnetically coupled patch antenna array with high port isolation was presented in [4] . In the design, a pair of metal cavities and an artificial periodic structure (APS) composed of metal strips etched vertically on the ground plane were used to improve the port isolations between array elements. In [5] , an array-antenna decoupling surface (ADS) was proposed for the compact dualpolarized array decoupling. The ADS is composed of a plurality of electrically small metal patches and is placed above the array antenna to create partial reflective electromagnetic (EM) waves to cancel the coupled waves from the adjacent antenna elements to improve the isolation. In [6] , a 3-dimensional (3-D) meta-structure was integrated into a high-density dual-polarized array for mutual coupling reduction. By incorporating the meta-structure into the dual polarized array, the isolation levels between adjacent radiating elements in both the E-and H-plane orientations could be improved significantly. However, the inherent drawbacks associated with above techniques may occur to hinder their widespread applications, e. g., the employment of APS cannot reduce the inter-element spacing (∼ 1.3λ 0 ) [4] , the usage of the ADS requires relatively high profile (around one-quarter wavelength) and is not suitable for decoupling of circularly polarized (CP) arrays [5] , and 3-D meta-structure was difficult to integrated into the antenna system [6] , respectively. In this study, a compact, wideband, planar, polarization insensitive, hybrid decoupling structure is presented. By integrating the planar structure into the high-density array, the mutual coupling between elements is significantly reduced.
II. EMPLOYMENT OF THE HYBRID STRUCTURE IN DUAL-POLARIZED ARRAY
As depicted in Fig. 1 , one hybrid decoupling structure is integrated into a two-element dual-polarized antenna array. The center-to-center distance between the two elements (No. 1 and No. 2) is 0.5 λ 0 , where λ 0 indicates the operational wavelength in the free space corresponding to the low frequency f 0 . The hybrid decoupling structure has the advantages of planar configuration and easy of fabrication.
As is shown in Fig. 1(a) , the hybrid decoupling structure comprises one H-shaped structure and a couple of meander lines, which are loaded halfway between the two antenna elements and placed above the array. Two layers of Taconic CER-10 dielectric substrates with the thickness of 1 mm, relative permittivity: ε r = 10, and loss tangent: tan δ = 0.0035, are placed above the antenna array, namely Layer_1 and Layer_2. The meander lines are etched on the upper surface of the Layer_1, and the H-shaped structure is printed on the upper surface of the Layer_2. There are air-gaps between Layer_1 and Layer_2, between Layer_2 and Layer_3, and between Layer_3 and Layer_4 with the heights of h 1 = 5.5 mm, h 2 = 9 mm, and h 3 = 7 mm, respectively. On the Layer_3, a square radiating patch is printed on the top side of a Taconic CER-10 substrate with the thickness of 1 mm. The parasitic ground, which is etched with a pair of coupled slots, is printed on the upper surface of Layer_4. A pair of feeding strips and the metallic ground are printed on the top and bottom sides of Layer_5, respectively. Layer_4 and Layer_5, which are, respectively, with the thickness of 0.64 mm and 3.18mm, are constructed by Taconic RF-60 substrates that have the characteristics of ε r = 6.15, tan δ = 0.0028. Additionally, a number of metallic vias with radius of 0.5 mm connect the parasitic ground and the bottom metallic ground. Finally, the 50 Sub-Miniature-A (SMA) connectors are used to facilitate the connection between the feeding strips and sources. The parameter values of the optimized decoupling array are listed in Table 1 . 
A. MUTUAL COUPLING REDUCTION EVALUATIONS
The corresponding simulated reflection coefficients and port isolation levels for the two-element array with and without the planar hybrid decoupling structure are given in Fig2. As shown in Fig. 2(a) , the working band (reflection coefficients < −10 dB) of the array in both cases covers the range of 2.4-2.7 GHz. Moreover, the mutual couplings between cross-polarization (cross-pol) ports for antenna elements NO.1 (|S 12 |) and NO.2 (|S 34 |) are kept at very low levels and all below −35 dB, which demonstrates that the planar hybrid decoupling structure has little effect on the S-parameters of each antenna elements.
The simulated isolations levels for both the co-polarization (co-pol) ports (|S 13 | and |S 24 |) and the cross-pol ports in the cases of the two-element array with and without the planar hybrid decoupling structure are given in Fig. 2(b) . By comparing the results in the two cases, it is apparent that the isolation levels between the co-pol ports of the twoelement array could be improved significantly by loading with the planar hybrid decoupling structure. In particular, the maximum value of |S 13 | (|S 24 |) over the entire operational band is decreased from −14.02 dB (−17.20 dB) to −25.79 dB (−26.44 dB), exhibiting ∼11.77 dB (∼9.24 dB) improvement. Moreover, the isolations between the cross-pol ports (|S 23 | and |S 14 |) are kept at very low levels in both cases when loaded with the planar hybrid decoupling structure. The results show that the proposed planar hybrid structure has an excellent decoupling effect on the compact dual-polarized array. 
B. MUTUAL COUPLING REDUCTION MECHANISMS
As two types of the decoupling structures have quite different decoupling mechanisms, the following two cases when the array is with only one type of decoupling structure will be analyzed in a comprehensive manner. The surface current distributions on the traces of the two-element array loaded with only a couple of meander lines are shown in Fig. 3 . When ports 1 and 3 are excited with the same amplitude and phase, the two antenna elements of the array are equivalent to be oriented along the E-plane. In this case, it is dominated by electrical coupling between ports 1 and 3. Obviously, very strong out-of-phase current is induced on the surface of the meander lines. Since the coupling currents are offset to a great extent, the isolation level between the two ports was improved significantly. As shown in Fig. 4 , the mutual coupling level between ports 1 and 3 is reduced from −14.02 dB to −25.06 dB, exhibiting 11.04 dB reduction. It should be noted that the meander lines can effectively increase the electrical length of the structure to ensure its physical size more compact for its application in high-density arrays. In contrast, when ports 2 and 4 are excited with the same amplitude and phase, the two antenna elements are equivalent to placing along the H-plane. Strong surface current on the meander lines also could be excited. However, the surface current on the meander lines is centrally symmetrical and out-ofphase with the almost equal amplitude. This current behavior resulted in a cancellation of their effects on the array, making the meander lines with the advantage of having a weak effect on the coupling between ports 2 and 4. As shown in Fig. 4 , the simulated |S 24 | value demonstrates little fluctuation compared to the array without decoupling structure.
Similarly, Fig. 5 gives the current distributions when the two-element array loaded with only H-shaped decoupling structure. As illustrated in Fig. 5(a) , when ports 1 and 3 are excited with the same amplitude and phase, which is equivalent to two E-plane-coupled antenna elements, strong surface current on the H-shaped strip could be excited. However, the surface current on the H-shaped strip is centrally symmetrical and out-of-phase with the almost equal amplitude. As a result, the coupling currents are canceled out to a great extent that makes the H-shaped structure have negligible influence on the mutual coupling level between ports 1 and 3. As shown in Fig. 6 , the simulated |S 13 | value remains almost the same compared to that of the array without decoupling structures. In contrast, when ports 2 and 4 are excited with the same amplitude and phase, which is equivalent to the two H-plane-coupled antenna elements, strong out-of-phase current on the H-shaped strip could be induced, exhibiting a dipole resonance. Thus, the cancellation of coupling currents leads to a significant enhancement of the isolation level between ports 2 and 4. In detail, the |S 24 | value is reduced from the maximum −17.20 dB to −25.61 dB across the entire working band. This result fully manifests the effectiveness of the H-shaped structure for the decoupling of high-density arrays.
Since the proposed method could reduce the co-pol couplings between two radiators and in the same time maintain the low cross-pol coupling levels, it is quite different from the reported single-polarization decoupling methods, which include the use of parasitic elements [7] - [14] , electromagnetic bandgap (EBG) structures [15] - [20] , defected ground structures (DGSs) [21] - [26] , metamaterial structures [27] - [30] , neutralization lines [8] , [31] , [32] , polarizationrotator [33] , decoupling networks [34] , [35] , etc.
III. EMPLOYMENT OF THE HYBRID STRUCTURE IN CP ARRAY
As CP antennas have superior characteristics on signal propagation than linearly polarized counterparts [36] , the usage of CP antenna arrays becomes popular in many applications. However, in CP arrays, strong mutual coupling not only deteriorates impedance matching, but also the polarization purity in terms of axial ratio (AR). Here, in order to further explore its wide application range, the proposed hybrid decoupling structure is applied into a high-density CP array to validate the polarization-insensitive characteristics. 7 depicts a two-element array, which consists of two CP elements, NO. 1 and NO. 2, with the center-to-center spacing 0.5 λ 0 . The proposed decoupling structure is halfway placed between the two CP elements, similar to the dualpolarized array in Fig. 1 . The material and thickness of the substrates in each layer are the same as those of the corresponding dual-polarized element. Note that, the radiator on the Layer_3 is selected to be circular patch according to the polarization characteristic of the CP antenna element. On the Layer_4, the geometrical parameter values of the pair of coupled slots are also fine-tuned. On the Layer_5, the feeding strip can form a 90 • phase difference to generate CP wave. The 50 SMA connectors are vertically connected to the feeding strip from the sources. The optimized geometrical parameter values of the array are listed in Table 2 . The simulated S-parameter results of the optimized CP array with and without the planar hybrid structure are presented in Fig. 8 . It is obvious that both the two elements VOLUME 7, 2019 FIGURE 9. Simulated AR results for the two-element CP array with and without decoupling structures.
exhibit good impedance matching for the arrays with and without the decoupling structure. The operation band where the reflection coefficients < −10 dB covers the range of 2.4-2.7 GHz of our interest. Moreover, significant enhancement of the isolation level between the two CP elements could be achieved by loading with the planar hybrid decoupling structure. In detail, |S 12 | is decreased from −16.5 dB to −29.2 dB, witnessing ∼12.7 dB reduction. The simulated ARs for the arrays with and without the planar hybrid decoupling structure are given in Fig. 9 . Apparently, the array maintains excellent CP characteristic (AR < 3 dB) in the entire operation frequency band.
The surface current distributions of the two-element CP array loaded with planar hybrid structure are shown in Fig. 10 . When ports 1 and 2 are excited with the same amplitude and phase, it is clear that strong currents are also induced on the surface of the planar hybrid decoupling structure. By checking the current polarization over the entire period, it can be easily seen that, both the H-shaped strip and the meander lines are well induced. It should be mentioned that, at the fixed phase π/4, only the meander lines contribute the mutual coupling reduction, as is illustrated in Fig. 3 . At the fixed phase π/2, only the H-shaped strip contributes the mutual reduction, as is illustrated in Fig. 5 . At the rest phases, both the H-shaped strip and the meander lines collaborate to reduce the mutual coupling. This phenomenon indicates that the decoupling of the CP array is in fact the consequence of the collaboration of the two types of decoupling structures, which empowered the resulting hybrid decoupling structure to possess the unique advantage of polarization insensitivity.
IV. MEASUREMENT AND DISCUSSION
To further verify the effectiveness of the proposed planar hybrid decoupling structure, a two-element dual-polarized array loaded with both the H-shaped structure and a couple of meander lines was fabricated and measured. The antenna was fabricated using the low-cost multi-layer PCB processing technology. The photograph of the fabricated prototype is shown in Fig. 11 . The corresponding S-parameters were As shown in Fig. 12(a) , good impedance matching for all ports and high isolation levels between the cross-pol ports for each element are observed in the frequency band 2.4-2.7 GHz, where the reflection coefficients are less than −10 dB and |S 12 | and |S 34 | are lower than −35 dB. Next, Fig. 12(b) gives the mutual coupling levels for the co-pol ports (|S 13 | and |S 24 |) between the two antenna elements as well as the cross-pol ports (|S 14 | and |S 23 |). The mutual coupling levels for the co-pol ports remain below −25 dB, while the mutual coupling levels between the cross-pol ports maintain less than −35 dB.
The simulated and measured radiation patterns of the twoelement array at 2.55 GHz, when only port 3 or port 4 is excited, are presented in Fig. 13 . The measured (simulated) peak realized gains at the resonance frequency of 2.55 GHz are 7.4 dBi (7.22 dBi) and 8.75 dBi (9.15 dBi), respectively. Moreover, the measured (simulated) overall radiation efficiencies were as high as 84.1 % (97.7 %).
Overall, the measured results of the decoupling array are generally in good agreement with the simulated ones. Although there exists an acceptable difference, it could be attributed to inevitable processing tolerances and measurement errors. Table 3 provides the comparison between recent related methods in mutual coupling suppression and the proposed decoupling strategy in a comprehensive manner. For fair comparison, it includes the decoupling structure configurations, element separations, operational bandwidths, heights, and array types. Compared with the recent reported methods, the proposed hybrid structure not only exhibits wideband and polarization-insensitive (both dual-LP and CP) performance characteristics [3] , [10] , [19] , [30] , [33] , but also demonstrates its simple, compact, low-profile, and easy-to-integrate configurations [4] - [6] , which enables its widespread applications into the future various high-density arrays. In addition, we have verified that the proposed decoupling structure is applicable to patch arrays, which further demonstrates its widespread applicable characteristic. VOLUME 7, 2019 V. CONCLUSION The proposed hybrid decoupling structure, which consists of two planar decoupling structures, i.e., the H-shaped strip and a couple of meander lines, has been demonstrated as a tenable polarization-insensitive tool to reduce the mutual coupling in high-density patch antenna arrays. The decoupling mechanism of each planar structure was elaborated by investigating the surface current distributions. A principle prototype was fabricated and measured. The measured results were in good agreement with the simulated ones, validating the effectiveness of the proposed decoupling structure. 
